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Abstract.-The his4 region of yeast contains the information necessary for the
catalysis of three steps in the histidine biosynthetic pathway. The three activi-
ties specified by this region remain physically associated during gel filtration and
ultracentrifugation and after extensive purification. Nonsense mutations in
the "operator distal" his4C region lower the molecular weight of the two prox-
imal activities. The proximal activities can, therefore, function without the
his4C portion of the protein(s). These observations are compatible with the
following three possibilities. The his4 region codes for: (1) an aggregate of
three proteins forming a multiprotein complex; (2) a single protein with three
catalytic activities; and (3) a single protein which is cleaved to form three pro-
teins which remain associated.

Introduction.-It is not known whether operons exist in the chromosomes of
higher organisms. Recent studies on yeast' and Neurospora2 have revealed
operon-like clusters of genes, yet these gene clusters have several features dis-
tinguishing them from the typical bacterial operon.' The his4 region of yeast
encodes the enzymes which catalyze the second, third, and last steps of histidine
biosynthesis.3 This region displays many of the properties characteristic of
bacterial operons, including biochemical pleiotropy and polarity of nonsense
mutations. Nonsense mutations localized at one end of the region can destroy
the activity of all three enzymes. Our studies indicate that the three his4
enzymes remain physically associated even after extensive purification. This
association could mean either that the his4 region specifies a single, multi-
functional polypeptide or that the region specifies several different polypeptide
chains which associate in a multienzyme complex. Clearly, if the region speci-
fies only one polypeptide chain, it cannot be considered an operon.

In this report we describe the biochemical consequences of nonsense mutations
located in the middle of the his4 region. One of these mutations does not
markedly affect the activity of two of the three proteins in the his4 enzyme com-
plex although it lowers the molecular weight of the complex. In view of this
finding, any model of the his4 region must account for the normal functioning of
half of the his4 complex in the complete absence of the other half.
Methods and Materials.-(1) Yeast strains: All the histidine-requiring strains described

here were haploid-heterothallic strains of Saccharomyces cerevisiae and were isolated from
the standard wild-type S288C or from strains closely related to it after EMS mutagenesis.
Strain SCF1717 was used to obtain "wild-type" hW4 enzymes because it could be de-
repressed. This strain contains mutation his1-123 in the gene coding for the first enzyme
in the pathway but has a normal his4 region. Stocks used were:

SCF1717 a his1-123
SCF271 a his4-864 leu2-1
A286B a his4-260 leu2-1
A1995A a/a his4-864/his4-481
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(2) Growth of strains: Histidine auxotrophs were derepressed by being grown on histi-
dinol (0.3 mM) or N-acetyl-iLhistidine (1 mM). The level of the histidine biosynthetic
enzymes in strains grown in this manner is 12-fold higher than wild type (i.e., S288C).

(3) Extraction of enzymes: Two grams (wet weight) of cells were resuspended in 0.1 M
Tris-HCl, pH 7.5, and disrupted in a French pressure cell. The cells and debris were re-
moved by centrifugation at 16,000 rpm for 20 min. The protein concentration was ap-
proximately 20 mg/ml.

(4) Enzyme assays: (a) Cyclohydrolase (his4A) was measured by following the pro-
duction ofAICAR in the presence of an extract of Salmonella typhimurium hisT1604hisI648
as described earlier.3 (b) Pyrophosphohydrolase (his4B) was measured by the same reac-
tion described for cyclohydrolase, except that an extract of S. typhimurium hisT1504his-
E709 was used. (c) Histidinol dehydrogenase (his4C) was measured by following the re-
duction of NAD at 340 mMA. The reaction mix contained: 40 jmoles Tris brought to pH
9.0 with HC1, 0.030 usmole NAD, extract (usually 0.03 mg protein), 4 ,gmoles L-histidinol
and water to bring the volume to 0.8 ml.

(5) Genetic techniques: The fine-structure mapping was carried out by the X-ray
mitotic technique.4 The techniques used for the mating of strains and the tetrad analysis
by ascus dissection were those described by Hawthorne and Mortimer.5 Suppressible
alleles were identified by tetrad analysis and the appropriate backcrosses.
Results.-The genetic and complementation maps of his4, together with the

corresponding biochemical functions of each region, appear in Figure 1. Strains
carrying missense mutations in any one of the three regions (A, B, or C) lack
only the enzymic activity associated with that region. Nonsense mutations in
A, like his4-260 and his4-644, are completely polar, lacking the three enzymic
activities associated with the region and complementing none of the other his4
mutants. Other nonsense mutations like his4-147 and his4-806 show a polarized
loss of activity from the left to the right.

The nature and location of site 864: Mutant his4-864 is a his4C mutant.
Derepressed extracts of his4-864 contain no detectable histidinol dehydrogenase
activity but have normal amounts of cyclohydrolase (A) and pyrophosphohydro-
lase (B). Extensive genetic mapping of his4-864 places it at the beginning of the
C region.
An analysis of the suppression of the histidine requirement in his4-864 reveals

that this strain is a nonsense mutant. Suppressors of his4-864 also suppress
ad2-1 and leu2-1. These latter two are well-studied nonsense mutations.6
According to the scheme of Hawthorne and Mortimer,6 his4-864 is a nonsense
mutation suppressed by class VI suppressors.
Zone centrifugation studies: In wild type, the three activities encoded by the

his4 region sediment together when centrifuged in a sucrose gradient. With
varying protein concentrations, all three enzymic activities remain associated at
a position in the gradient corresponding to a molecular weight of approximately
95,000 (Fig. 2). In missense mutants (e.g., his4-$31, his4-20, his4-481, his4-280),

FIG. 2.-Sucrose gradient ultracentrifugation. A crude extract (0.1 ml) was layered on a
5-20% sucrose gradient buffered with 0.1 M Tris-HCI, pH 7.5, and centrifuged for 15 hr at
41,000 rpm in the Spinco SW65 rotor. As a standard, 0.02 mg of E. coli alkaline phosphatase
(mol wt 80,000) was added to the extract before it was layered on the gradient. Alkaline phos-
phatase was assayed by the method of Garen and Levinthal.9 Fractions of six drops each were
collected. The top of the gradient is on the left, the bottom on the right. (a) Strain SCF1717
(wild-type his4 region). (b) his4-280, a C missense mutant. (c) his4-864, a C nonsense mutant.
(d) his4-702, a C nonsense mutant.
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the proteins corresponding to these activities show the same molecular weight
as wild type for the unaffected activities. By contrast, his4-864, a C nonsense
mutant, gives an entirely different sedimentation pattern. In this strain the
cyclohydrolase (A) and pyrophosphohydrolase (B) have a molecular weight of
approximately 45,000, roughly half that of wild type. The levels of the A and B
activities in his4-864 are about the same as wild type, and no special procedures
are necessary for their assay. These studies have been confirmed by an analysis
of strain A1995A. This heterozygote should produce a his4 complex of normal
molecular weight from one chromosome and a low-molecular-weight A activity
from the other. Centrifugation of an extract of A1995A produced a peak of A
activity of molecular weight 45,000, completely separated from the heavier
peak of C activity. Thus, the molecular consequence of a nonsense mutation
in his4C is to lower the molecular weight of the residual his4 products.

Gel filtration: Chromatography of extracts of wild-type and mutant his4-
864 on Sephadex G-100 also indicates that the residual enzyme activities in this
C nonsense mutant have a molecular weight about half that of wild type. In
wild type, as shown in Figure 3, the cyclohydrolase (A) and dehydrogenase (C)
elute together. The molecular weight for the complex, estimated both on
G-100 and G-200, is approximately 165,000. The peak of cyclohydrolase and
pyrophosphohydrolase activities in his4-864 elutes slightly ahead of Escherichia
coli alkaline phosphatase (Fig. 3) at a position corresponding to a molecular
weight of about 85,000. In strain his4-280, a C missense mutant, the A and B
activities show the same elution profile as wild type. The molecular weight of
the his4 enzymes determined on Sephadex is nearly twice that obtained from
ultracentrifugation, perhaps indicative of disaggregation upon dilution in sucrose
gradients. However, by both procedures, A and B activities in his4-864 have
half the molecular weight of wild type.

Antipolar mutants: Several his4C nonsense mutants are antipolar and sig-
nificantly lower the activities of cyclohydrolase and pyrophosphohydrolase.
Mutants his4-702 and his4-1155 are nonsense mutations mapping in the his4C
region. Both of these strains are efficiently suppressed by class I subset I
suppressors,7 which suppress the nonsense codeword UAA.8 Both his4-702
and his4-1155 fail to complement B mutants and have no detectable pyrophos-
phohydrolase activity. Cyclohydrolase (A) activity is reduced to about 10 per

FIG. 3.-The elution pattern of cyclohydrolase (-----) and dehydrogenase (-A-A-A)
from Sephadex G-100. Two ml of a crude extract in 10% sucrose were layered on a 2.5 X
99.5-cm column of Sephadex which had been equilibrated with 0.1 M Tris-HCl, pH 7.5, 5 X
10-4 M i~histidinol, and 5% sucrose. Yeast alcohol dehydrogenase (mol wt 150,000) in the
crude extract served as a standard and was assayed by the method of Vallee and Hoch.10
Purified E. coli alkaline phosphatase (0.05 mg) molecular weight 80,000, served as the other
marker. Fractions of 2 ml each were collected at a flow rate of 12 ml/hr. (a) The pattern of
a wild-type extract. (b) The pattern of his4-864. Vertical scale inside: protein (---A-)
as OD 280. Vertical scale outside: histidinol dehydrogenase activity as A OD 340 mIn/ml/min
or cyclohydrolase activity as A OD 550 mIA/0.05 ml/hr. The fraction of maximum alcohol
dehydrogenase activity is represented by an arrow marked 1. The fraction of maximum
alkaline phosphatase activity is represented by an arrow marked 2. The pyrophosphohy-
drolase (his4B) activity was not assayed here, but in other experiments it was always congru-
ent with cyclohydrolase (his4A).
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cent that of wild type and has a molecular weight as determined by sucrose
gradient centrifugation of 45,000 (Fig. 2) and by Sephadex chromatography of
85,000 (not shown). Thus, some nonsense (ochre) mutations in C alter the
molecular weight of A and drastically lower the levels of both A and B activities.
Discussion.-The his4 region of yeast can be interpreted according to the

operon model. However, the organization of this region shows details distinct
from those commonly shown by bacterial operons. If his4 is an operon, then
his4 A, B, and C regions specify three polypeptides. These proteins must then
aggregate to form the final multifunctional product of the his4 region in order to
explain their physical association upon ultracentrifugation and Sephadex
chromatography. Extensive purification has failed to separate active com-
ponents of this aggregate.' As Manney'2 has shown, nonsense mutations in
yeast as in E. coli lead to termination of the polypeptide chain. Nonsense
mutations in his4C could produce the dual effects seen in Figure 2-termination
of the his4C chain and disruption of the enzyme aggregate.
What is difficult to resolve with this model, however, is the pleiotropic effects

of the mutations in mutants his4-702, his4-1155, and his4-864. The former two
mutants show a strong antipolar effect, while the latter does not. This is the
exact opposite of the situation found in bacterial operons,'3 where the nonsense
mutations closest to the intercistronic barrier (operator proximal) show the
greatest antipolar effect. Thus, to interpret his4 as an operon (with the pro-
vision that many of the properties of this region are attributable to the aggrega-
tion of the his4 product) requires the ad hoc assumption that the incomplete C
peptide made by mutants his4-702, and his4-1155 inhibits A and B activity,
while that made by his4-864 does not.
A second difficulty with the operon model is the complete polarity of his4A

nonsense mutants. Some complementation between his4A nonsense mutants
and other his4 mutants should have been observed at least for the most distal
his4A mutants such as 644 and 39.
An alternate model for the his4 region envisions that it encodes a single poly-

peptide carrying three activities (A, B, and C). This might explain the ab-
solute polarity of his4A nonsense mutants and even the behavior of nonsense
hi84C mutants which retain some hisA and hisB activity. While one might ex-
pect that a nonsense mutation in the middle of his4 should destroy all three
activities, this need not necessarily be the case. Some precedent might come
from the production of a peptide by mutations in the X region of the Z gene of
the lac operon."4 One difficulty with this model would be our inability to de-
tect any difference between the sedimentation and chromatographic properties
of the activities in mutants his4-864 and his4-702 or his4-1155.

Formally, his4 A, B, and C act at one time as a single polypeptide chain and at
another as independent polypeptide chains. A mechanism of protein synthesis
has been proposed for the production of poliovirus proteins which might be ap-
plicable to the present situation.", It could be that his4 produces a single poly-
peptide chain which is subsequently cleaved into three separate chains by
proteolytic enzymes. By this mechanism of protein synthesis a nonsense muta-
tion at the beginning of his4 would be completely polar. As we obtain more in-

1204 P.-O.c. N. A. S.
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formation on the physical nature of the his4 protein(s), we should be able to re-
solve these various possibilities.

* This work was supported by U.S. Public Health Service grants GM-15408 (Gerald R.
Fink), TW-01370 (Joanna Rytka), and training grant GM-01035 (Field of Genetics).
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